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INTRODUCTION
In order to solve practical problems of interest in the fields of groundwater seepage, hydrogeology, agricultural engineering, petroleum engineering, environmental engineering, soil physics and geophysics, it is necessary to have reliable estimates of hydraulic parameters such as . permeability, hydraulic capacitance and porosity. Since the early work of Darcy, Dupuit, .
Forchheilrer and others in Europe during the second half of the nineteenth century, a substantial body of literature has accwnulated in diverse fields of earth sciences and engineering pertaining to methods for estimating hydraulic characteristics by inverting data collected from experiments conducted on field installations. For a student of the earth sciences, it is of considerable interest not only to gain an understanding of how the ideas relating to hydraulic characterization have evolved historically but also to decipher the fundamental notions which unite all these methods.
It is reasonable to state that all the hydraulic characterization methods in use today have two The terms storativity and specific storage are often used in groundwater hydrology to denote hydraulic capacitance and specific hydraulic capacity of water-saturated geologic materials. For purposes of generality we shall prefer, in this work. the term hydraulic capacitance. which includes storativity as a special case. Hydraulic capacitance represents the quantity of water released from storage due to a unit change in potential due to a combination of three independent processes. namely. pore volume change, change in water saturation and expansion of water. February 17. 1997 2 compatible with the diffusion model.
In the inversion venture outlined above, earth scientists and engineers have historically relied on the use of "analytic solutions" (also referred to as closed-form solutions). A variety of ingenious techniques (type-curve matching, early-t:i!re and late-t:ilre approximations) have been devised to back the parameters out from the field data. Taking advantage of developments in digital computers, researchers have, over the past two decades, been successfully experimenting with numerical models to estimate hydraulic parameters by way of "calibration" exercises. With the improvements in the reliability of solutions generated by numerical models and the increased availability of powerful "spreadsheets" on the personal computer, there are indications that numerical models will soon become preferred tools of inversion of field data to estimate hydraulic parameters. Numerical models are especially attractive because they can help minimize many assumptions that enter into the idealizations which are essential for obtaining closed-form solutions.· At present, as the personal computer drastically changes our approach to analyzing field data from hydraulic tests, it is worth our while to summariZe our current knowledge of hydraulic characterization in a systematized manner and to look ahead into the future. So motivated, the present work is an attempt to take an integrated view of concepts, ideas and methods developed in agricultural engineering, soil physics, hydrogeology, petroleum engineering, civil engineering,· geophysics and related fields. This is a substantial task, considering the vast amount of literature that has accumulated on this topic over many decades. Under the circumstances, the goal.of the present study is a modest one of generating an overall synthesized understanding of the field, based primarily on literature from the U.S. Even in this regard, no claim is made that the literature compiled is comprehensive or complete. The hope is that the literature surveyed is adequate enough to capture the essential elements of the major ideas and concepts of relevance. Hall (1954) presented a wellreasoned review of literature on the topic of seepage towards wells. His survey is especially comprehensive in regard to the 19th century European literature. Hall's paper has been a valuable source of information in regard to the European literature discussed in the present work.
This work primarily focusses on field methods rather than laboratory _methods. The hydraulic response of a subsurface flow system is governed by its geometric attributes as well as its material properties. In inverting field data to estimate hydraulic parameters, tradition is to assume that the February 17, 1997 georretric attributes of the flow system is known and the hydraulic parameters are assumed to be the unknowns to be estimated. This work is restricted to those methods in which geometric details (symmetry, layering) are assumed known a priori. Over the past two decades, an increasing body of literature has accunrulated on the application of stochastic methods and probability concepts to the hydraulic characterization of heterogeneities (especially hydraulic conductivity) in subsurface flow systems. These methods are outside the scope of the present work.
The history of science is such that ideas are born and methods are fabricated in respose to pure curiosity or practical needs. Integration of ideas to identify underlying unity among diversity comes later. Individual disciplines in the earth sciences have generally been focussed on problems of special interest to their needs. For example, until recently, soil physicists have devoted much of their attention to the process of infiltration into soils and the movement of water in the root zone. Thus, although the various earth disciplines have a cormnon thread of unity in terms of physical processes governing hydraulic chirracterization, these disciplines have traditionally maintained distinct identities with limited flow of ideas between themselves. A consequence is that when one attempts an integration of ideas, as in the present work, the portrayal of the individual disciplines cannot be very even. This is unavoidable.
In the following, the evolution of ideas is presented in a chronological fashion. As a prelude to the details that are to be presented, Figure 1 pictorially shows the important developments since 1807 and Figure 2 shows the important publications pertaining to the developments shown in Figure 1 .
HISTORY OF IDEAS
The 19'h Century
It is now well recognized that our conceptual model for understanding the occurrence and movement of fluids in geological materials is based on treating fluid flow as a process mathematically analogous to heat conduction in solids. As a consequence, the working mathematical model for the flow of fluids in geologic materials is the partial differential equation of heat conduction, originally February 17, 1997 Chronology of Important Developments At this juncture it is appropriate to briefly digress and discuss terminologies. The word groundwater (grundwasser in german) appears in the literature by the early 1880s in the work of A.
Thiem The engineers ofthe late 19th century distinguished between "gravity wells" and "artesian wells". The former referred to wells in a phreatic aquifer whose upper boundary is a free surface or the water table over which the pressure is atmospheric. The latter referred to what is currently recognized as a confined aquifer. Although the possibility of a seepage face above the water level in a gravity well was recognized, the term "seepage face" had not yet been coined. Aquifers were commonly referred to as "groundwater streams" (Hall, 1954) .
Perhaps the most well-known researcher of this era was Phillip Forchheimer of Austria, whose distinguished career spanned nearly a half century and influenced the work of many researchers who followed him He was among the earliest to recognize the concepts of isopotential lines and streamlines in regard to groundwater seepage and extended these concepts systematically to generate flownets as a means of quantitatively analyzing steady flow fields, including flow of water to wells under varying geometric conditions. Forchheimer formally wrote down the Laplace equation (Forchheimer, 1898) to describe the steady flow of groundwater and went on to use mathematical techniques such as conformal mapping to solve problems. It appears (Hall, 1954) By studying the geometric properties of various spherical packs, Stichter (1899) identified the geometric component and the viscous drag components of hydraulic conductivity.
The Tum of the Century
An important milestone relating to flow of water in geologic materials was the contribution of Buckingham (1907) . Buckingham, a physicist, studied the flow of water in unsaturated soils and eoncluded that moisture moverrent in soils was proportional to spatial gradient of capillary potential.
He further postulated that the "constant" of proportionality was in fact a function of the capillary potential itself in partially saturated soils. It is remarkable that Buckingham. who was probably not aware of Darcy's work (Sposito, 1987) , gave a theoretical basis for Darcy's empirical law and extended the law to the unsaturated zone. Buckingham's hydraulic conductivity; which is a function ) of capillary pressure, is central to the fields of soil physics and multi-phase flow analysis still in use today. Buckingham (1914) is also widely known for his seminal contribution on dimensional analysis.
Most of the methods used to invert field data to obtain hydraulic parameters on the basis of analytic solutions routinely use dimensionless groups to minimize the number of variables which need to be handled. The rationale for defining these dimensionless groups stems from the "pi theorem" proposed by Buckingham in 1914.
The early Twentieth Century saw the simultaneous initiation of a profound concept in several February 17, 1997 earth science .disciplines: soil science, soil mechanics, groundwater hydrology and petroleum engineering. This was the recognition of the importance of time (Narasimhan, 1986; Narasimhan, 1988) . In their own field settings, researchers in these fields recognized that almost all subsurface fluid flow systems are dynamic in nature. In the field of soil physics, Green and Ampt ( 1911) proposed a simple approximation to quantify the vertical infiltration of water into an unsaturated soil.
The Green and Ampt idealization asst~~res that as water infiltrates into a soil, a sharp, piston-like zone of saturation advances with time. This approximation is still used in interpreting field data from in:filtrometer tests to estimate in situ hydraulic conductivity of soils.
The Remarkable Era: 1920-1940
In attempt was made by Weber (1928) to analyze the non-steady flow of water to a gravity well (that February 17, 1997 is, non-steady flow to a fully penetrating well in an unconfined aquifer). The approach taken by
Weber to analyze this problem is worth sorre discussion because it differs significantly from the more rigorous mathematical approach of later workers such as Muskat, Hurst and Theis, who solved a parabolic partial differential equation.
Weber (1928) considered a well in which the water level is maintained constant (constant drawdown test). ·As pumping progresses, the radius of the cone of depression (also referred to as the radius ofinfluence) increases with titre. As a first step in the analysis of this problem, Weber derived an approximate expression for the radius of influence, assuming that water is released from storage by physical drainage of the volume of the aquifer through which the water table moves and that the volurre of water so drained per unit volurre is the "effective porosity" (the modem notion of specific yield). Mass balance requires that the volume of water so drained is equal to the cumulative production at the well. Once the effective radius is estimated, drawdown as a function of distance from the well is estimated from the steady-state solution of radial flow to a gravity well. About a decade later, similar results were obtained by Steinbrenner (1937) in Austria. Theis' work has proved to be a milestone not only in groundwater hydrology, but in the earth sciences in general. In addition to constituting the basic and simplest technique used widely for interpreting data from transient aquifer tests, the Theis' model is also frequently used as the standard against which the transient behavior of more complex aquifers is studied for comparison. One of the factors contributing to the popularity of Theis' work appears to be the fact that hydrologists of the U.S. Geological Survey actively developed workable techniques for practically applying the Theis'
solution to interpret field data from aquifer tests. They widely communicated their results through February 17, 1997 publications of the Survey; readily available to field geologists. In addition, these contributions provided a large scale regional perspective of hydraulic characterization in terms of earth processes in general. Hurst (1934) were all concerned with laterally limited reservoirs , whereas groundwater hydrologists such as Theis (1935) were concerned, in general, with laterally infinite systems. Also, petroleum engineers concentrated on developing techniques for analyzing data from the production well whereas groundwater hydrologists devoted attention to pumped-well analysis as well as analysis of intereference test data (that is, data from passive, observation wells which respond to the removal of water at the pumped well). More than one reason can be attributed to these differences in the styles of design and analysis of hydraulic tests between petroleum engineers and groundwater hydrologists. According to Brigham Moreover, oil occurs very corrunonly associated with dissolved natural gas and, as the pressure drops during production, gas tends to come out of solution. A consequence is that the apparent compressibility of such oil may be order of magnitude higher than gas-free oil 1 leading to a great increase in the effective hydraulic capacitance. In tum, increased hydraulic capacitance contributes to a relatively small radius of influence around a production well and hence, the reduced need"'-for inteference analysis. Another possible expalanation for the differences in styles between petroleum engineering and groundwater hydrology is that petroleum resevroirs often constitute closed systems At present, it is almost invariably assumed by hydro geologists that the Theis method is applicable to confined aquifers in which water release from storage is due to the elastic properties of the porous medium and of water. However, it must be noted that in his classic paper Theis (1935) applied his method to an unconfined aquifer and stated, "the equation applies rigidly only to water bodies .......... and applicable only to unconfined water bodies -in which the water in the volume of sedirrents through which the water table has fallen is discharged instantaneously with the fall of the water table." However, it had been recognized by previous workers that the drainage of water in an unconfined aquifer is an extrerrely complex physical process. Therefore, as noted by Hall ( 1954 ) , the instantaneous drainage assumption of Theis is a shortcoming of the Theis method as applied to unconfmed aquifers.
Arthur Casagrande is a respected narre in the field of soil rrechanics. Although he did not publish many papers on the theory of flow to wells, Hall ( 1954) 
notes that commencing from 1934
Casagrande introduced his students at Harvard University to novel ideas in regard to seepage theory, including flow of water to wells. As part of his lectures, Casagrande had demonstrated that, for large values oftirre, the drawdown predicted by the Weber (1928) method and that predicted by the Theis' method are essentially the same.
In the field of civil engineering, a little known but major discovery was made in the early 1930s which was to influence the attention of earth scientists and engineers for the next half a century. Although heavy groundwater pumpage was suspected to be the cause of the subsidence (Tibbetts, 1933) , it was left to Meinzer (1937) to advance a rational physical mechanism correlating groundwater pumpage and observed land subsidence. Not only did Meinzer recognize the applicability of his North Dakota observations (Meinzer, 1928) to the San Jose subsidence, but also conjectured that the substantial magnitude of subsidence observed was probably due to a preponderance of soft, fine-grained sediments in the Santa Clara basin. As we s.hall see later,
Meinzer's conjecture was cofirmed subsequently by meticulous field observations by Poland and coworkers in the Santa Clara Valley and the San Joaquin Valley of California.
The War Years: Formalizing the Foundations
The decade of the 1940s was quite eventful in the study of transient groundwater systems.
Hubbert (1940) published the Theory ofGround-'WtJter Motion, a paper which still remains definitive.
In this paper Hubbert elaborated the physical meaning of a fluid potential, formally defined penreability on the basis of balance between impelling forces and resistive forces, derived a tangent law for the refraction offlow lines and went on to establish the foundations for the study of regional groundwater systems and petroleum reservoirs.
We saw earlier that Theis (1940) took a restricted view of storage coefficient limited to horizont~l ' flow in an elastic aquifer. However, Jacob (1940) took a·much more fundamental view of storage coefficient in the sense of hydraulic capacitance and derived an expression combining the deformability of the porous medium (its bulk modulus) and the compressibility of water. He thus gave formal identity to the processes heuristically recognized by Meinzer ( 1928 Meinzer ( , 1937 . He also went on, in this classic paper, to derive an expression for the change in water pressures in aquifers subjected to external stress changes such as those caused by passing railroad trains or barometric pressure changes and defined the par~ter, tidal efficiency. Jacob's theoretical work paved the way for interpreting hydraulic parameters of aquifers by analyzing these responses.· Jacob went on to make two other major contributions during the 1940s. The auger-hole rrethods and piezorreter!rrethods were pioneered by Kirkham (1946) , Luthin and Kirkham (1949) and van Bavel and Kirkham (1948) . These methods are still being u~ed and improved to estimate the hydraulic conductivity of the saturated soil below the water table.
Essentially these are field adaptations of the variable-head permeameter. Although the experiment itself involves a non-steady flow process, the interpretation logic neglects the role of hydraulic capacitance. The tirre-dependant falling water level is treated as a function, among other factors, of the hydraulic conductivity of the soil and a shape factor dependent on the flow geometry. Because the flow georretry involved combinations of radial, hemispheri<:al and vertical components of flow, a great deal of effort was spent by Kirkham and others to calculate shape factors for a variety of field conditions. Thus, calculating the shape factors using available mathematical techniques constituted an important part of developing these techniques.
As in the case of soil science, the variable-head permeameter was found to be adequately inexpensive and rapid to satisfy the hydraulic characterization needs in the field of civil engineering.
Special efforts were made to systematize and standardize these methods. A widely used work in this regard was that of Hvorslev (1951) The phrase vadose zone denotes the region betw~n the water table and the land surface within which water and air coexist in the pore spaces. It is also referred to as the zone of aeration or the unsaturated zone. February 17. 1997 through which the water table declined. However, it was recognized by many that the drainage of water, governed by the theory of capillary potential, was a time-dependent, non-instantaneous procesg5. A need was felt by sorre researchers to mathematically account for this non-instantaneous process. Boulton ( 1954) The study of leaky aquifers, pioneered by Jacob a decade earlier was continued with vigor by
Hantush and Jacob through the 1960's. Because they were primarily concerned with groundwater as a resource, Hantush and Jacob focused attention on analysis of drawdown data from the aquifer itself and did not venture into obtaining solutions for changes in potential within the aquitards which constituted the source of leakage. Hantush provided a comprehensive summary of developments February 17, 1997 related to leaky aquifers as well as other aquifer configurations in the publication, Hydraulics of Wells, Hantush (1964) .
The leaky aquifer problem attracted the attention of petroleum engineers from two different perspectives. On the one hand, they were aware of leakage of oil into reservoir rocks from leaky cap rocks. On the other hand, they were also interested in the role of leaky cap rocks in the context of artificial storage of natural gas in deep aquifers. In the latter case, it was critical that the "integrity"
of the caprock and its ability to keep th~ gas trapped in the aquifer be known. This necessitated a knowledge of the pressure changes in the aquitard itself rather than just the aquifer. Accordingly, by UNESCO under its Arid Zone Research Programme. February 17. 1997 Perhaps the most significant research direction of the 60s was the development of numerical models. The era of the digital computer had dawned and computer development was advancing with incredible rapidity. The digital computer provided the possibility of solving transient fluid flow problems in complex geological systems which are far beyond the reach of closed form solutions.
The finite element method (Clough, 1960) which was initially designed for solving structural engineering problems, was soon adapted to solve ste~y state and transient problems of groundwater _ flow (Javandel and Witherspoon, 1968) . In the field of petroleum engineering, Fayers and Sheldon Until the 1980s hydraulic characterization of soils by soil physicists and agricultural engineers was by and large limited to measuring the saturated hydraulic conductivity below the water 1988) . Designed for measuring the vertical hydraulicconductivity of the soil at the land surface, this instrument was especially designed to apply a constant moisture tension boundary condition at the land surface to enable infiltrati~n at a water potential less than atmospheric. Based on theoretical analysis of infiltration from circular ponds, the disc permeameters involved infiltration experiments carried out under prescribed rooisture suctions imposed at the disc at the land surface and measuring the infiltration rates. In essence, these are constant-head permeameters, except that a constant moisture suction is imposed. Interpretation of data is incumbent on several idealizations; for example, it is. often assumed that hydraulic conductivity is exponentially related to moisture suction. In addition to saturated hydraulic conductivity, the disc permeameters enabled the estimation of sorptivity. In systems involving one-dimensional infiltration, sorptivity is related to the square root surrnnarizing rrethodologies relating to permeameters and infiltrometers was the special publication of the Soil Science Society of Arrerica edited by Topp et al. (1992) . Books devoted to the topic of February 17. 1997 well-test analysis were published by Strack (1989) and Dawson and lstok (1991) in groundwater hydrology and Sabet (1991) in petroleum engineering.
The past twenty-five years, coiill'rencing from the early 1970s, have witnessed significant changes in the motivation for hydraulic characterization as well as the approaches used for the purpose.
Interest in resource development has been accompanied by an increasing interest in mitigating and preventing the contamination of natural resources. There has been a growing desire to identify geological formations of very low hydraulic conductivity in which toxic wastes can be safely disposed.
As a consequence, topics such as leaky aquifers and unconfined aquifers have gradually receded from the focus of attention of researchers. Interest has been steadily growing in characterizing flow processes in the vadose zone, which mediates between the wastes deposited at the land surface and the water table at depth. Methods are being developed to quantify the movement of air, gases and vapor through the vadose in addition to moisture movement. The dynamic coupling between gases in the vadose zone and atmospheric pressure changes is proving to be of considerable practical interest.
Major multimillion dollar hydraulic characterization ventures have been supported by the U.S.
Department of Energy (DOE), the U.S. Nuclear Regulatory Commission (NRC), the U.S.
Enviroill'rental Protection Agency (EPA) and others to hydraulically characterize heterogeneities in simple aquifers, in fractured rock systems and in unsaturated media. Current emphasis is on characterizing the details of heterogeneity at different scales because such detailed information is necessary for quantifying the migration of contamiflant plumes. As attempts are made to physically describe the heterogeneities in greater and greater detail, it is being realized that the traditional methods based on the differential equation are inadequate. For example, attempts to characterize fractured rock systems through interference tests and tracer tests have shown that on the scale of observation carried out, these systems can hardly be treated as homogeneous media.
The Present
At the present time we have access to field instruments (e.g. pressure transducers, flow meters) of unprecedented precision. Automatic data loggers enable us to acquire data at frequencies of less February 17. 1997 than a second. Powerful desk-top computers enable us to collect, store, retrieve and manipulate enormous amounts of data. Yet we are confronted with peculiar limitations of data interpretation.
The paradigm of our data interpretation is the partial differential equation. Concepts of homogeneity and continuity are prerequisites for applying the differential equation to a given system Consequently, one has to set up one separate differential equation for each of the components in a heterogeneous system and couple them together at ~heir interfaces. Thus we must have an appropriate macroscopic scale in which a differential equation is physically meaningful and the hydraulic parameters have physical significance. Yet attempts are frequently made to apply the differential equatioJ:! on a scale smaller than an appropriate macroscopic scale to estimate hydraulic -------
parameters. We are also challenged by another problem of scale. Each experiment provides us with parameter estimates on its own scale, varying from perhaps less than a meter in the case of disk tension permeameters of the shallow subsurface to perhaps hundreds of meters in the case of interference test of deep aquifers. Yet another challenge to characterization stems from the very act of making measurements. Devices such a boreholes and wells which enable measurement themselves disturb the natural system and fundamentally influence the measurement that is being made. In order that the intrinsic hydraulic properties of the formation are evaluated, the masking influence of the influence of the device on the measurement must be carefully removed.
Upon reflection it is clear that the hydraulic response of a transient subsurface flow system is governed by two major attributes; geometry and material properties. To estimate hydraulic properties, we must assume a priori knowledge of geometry. All our traditional methods of hydraulic parameter estimation are based on this recognition. Thus, our ability of hydraulic characterization is constrained by this need. Yet, to meet the needs of solving contaminant transport problems, we actively seek information on the nature of heterogeneities within the formation being tested.
Unfortunately, we ~o not have . adequate geometric details of these heterogeneities. As a ~ consequence, the task of inverting data from field hydraulic tests such as those involving permeameters, slug tests and aquifer tests to say something about small-scale heterogeneities is neither simple nor unique. Some researchers have resorted to using stochastic methods to overcome this constraint. How effectively these methods are in this regard remains to be seen.
It appears that we are philosophically in a state of transition. We are finding our traditional February 17, 1997 paradigm to be limited in its ability to provide us the types of answers we need. We have unprecedented abilities to collect data. Nonetheless, we are in search of a new paradigm to enable us to do justice to vast amounts of data gathered by way of interpretation. The new paradigm must reconcile with the fact that although the laws of physics are applicable to fluid-flow systems of the earth's subsurface, the parameters linking cause and effect can never be precisely quantified because we do not have the ability (nor will we ever have the ability) to fully describe the geometry of the system Without a full description of the geometry, cause and effect cannot precisely be related to each other.
